Abstract During a survey of fungal diversity of the order Mucorales, three zygomycete isolates, CNUFC-YR113-1, CNUFC-KNU16-7, and CNUFC-BS1-1 were isolated from freshwater and soil samples in Korea. The strains were analyzed both morphologically and phylogenetically based on internal transcribed spacer and 28S rDNA gene sequences. Based on their morphology and phylogeny, the CNUFC-YR113-1 and CNUFC-KNU16-7 isolates were identified as Actinomucor elegans, and CNUFC-BS1-1 was identified as Mucor minutus. To the best of our knowledge, the species A. elegans and M. minutus, belonging to an undiscovered taxon, have not been previously described in Korea.
Mycobiology
proposed the addition of a new variety, A. elegans var. kuwaitensis. In Index Fungorum (2017; http:// www.indexfungorum.org), the genus Actinomucor contains only one species named Actinomucor elegans.
Actinomucor species are found in dung, soil, food, and human sources [5] [6] [7] . Some of them are commonly used for producing popular fermented soybean foods including Sufu and Chao [8] . In addition, A. elegans is also considered a good source of glycine aminopeptidase and glucosamine [9, 10] . A. elegans var. elegans has been reported as a potential biocontrol agent against the chafer beetle [11] .
Mucor Fresen. (Mucoraceae, Mucorales) is characterized by the formation of non-apophysate sporangia, producing simple or branched sporangiophores without basal rhizoids. Zygospores have opposed, non-appendaged suspensors [12] . Mucor species have frequently been detected on substrates that support the growth of a fungal host, such as in soil, dung, fruit, and plants [13] [14] [15] . Several species are able to produce enzymes with biotechnological applications [16, 17] , while some species are considered the causal agent of cutaneous zygomycosis in humans [18] . Although there are more than 300 named species described in the literature, only approximately 50 are known and described [15] .
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Traditional taxonomy of Mucor species has been determined based on morphological characteristics such as size and shape of sporangia as well as the mode of reproduction (sexual or asexual).
Recently, molecular data have been used to evaluate mucoralean species [19, 20] . These studies indicated that Mucor is polyphyletic. Based on the phylogeny of internal transcribed spacer (ITS) and large subunit (LSU) rDNA regions of several mucoralean species, Walther et al. [21] observed that some Mucor species with curved sporangiophores were grouped with Backusella Hesselt. & J. J. Ellis. Therefore, these Mucor species were transferred to Backusella.
In Korea, two new Mucor species have been currently reported by authors: Mucor koreanus from tangerine fruit [14] and Mucor stercorarius from rat feces [22] [15, 23] . To our knowledge, there are no specific published literature records of these species in Korea.
The objective of the present study was to perform morphological and molecular analyses to characterize two unrecorded zygomycete species in Korea: Actinomucor elegans and Mucor minutus.
MATERIALS AND METHODS
Fungal strain isolation from freshwater and soil samples. Freshwater samples were collected from the Yeongsan River located in Gwangju, Korea. Soil samples were collected from the garden of the Chonnam National University located in Gwangju and a field in Gyeongnam, Korea. These samples were transported in sterile 50-mL Falcon tubes, and stored at 4 o C until examination. Fungi were isolated using the serial dilution plating method. In this technique, 1 mL water or 1 g of soil was mixed with 9 mL of sterile distilled water and shaken for 15 min at DNA extraction, PCR, and sequencing. Genomic DNA was extracted directly from the mycelia of fungal isolates, using the Solgent Genomic DNA prep Kit (Solgent Co. Ltd., Daejeon, Korea). The ITS region and large subunit of 28S rDNA were amplified with the primer pairs ITS4 and ITS5 [24] , and LROR and LR5F [25] , respectively. The PCR amplification mixture (total volume, 20 µL) contained fungal DNA template, 5 pmol/µL of each primer, and Accupower PCR Premix (Taq DNA polymerase, dNTPs, buffer, and a tracking dye; Bioneer Corp., Daejeon, Korea). PCR products were purified using the Accuprep PCR Purification Kit (Bioneer Corp.) according to the manufacturer' s instructions. DNA sequencing was performed on an ABI 3700 Automated DNA sequencer (Applied Biosystems Inc., Foster City, CA, USA).
Phylogenetic analysis. The fungal sequences obtained from the GenBank database (Table 1) were aligned using Clustal_X v.1.83 [26] and edited with Bioedit v.5.0.9.1 [27] . In the BLASTn analysis of the 28S sequence, CNUFC-YR113-1 and CNUFC-BS1-1 strains showed 98.1% (634/ From the description by Benjamin and Hesseltine [3] . 
DISCUSSION
Despite the wide intraspecific variation found among some taxa, the rDNA ITS and D1/D2 regions have been used as critical barcode markers for identifying mucoralean fungi at the species level, including taxa of Actinomucor and Mucor [21] .
In the ITS and LSU phylogenetic trees, our strains CNUFC-YR113-1, CNUFC-YR113-2, and CNUFC-KNU16- [4] reported that growth temperature is a criterion for distinguishing between A. elegans and A. taiwanensis. These authors showed that A. taiwanensis has a maximum growth temperature of 37 o C, while A. elegans does not grow at this temperature. Contrary to reports by Jong and Yuan [4] , maximum growth temperature is less useful for distinguishing between the varieties [5, 6] .
The morphological features of our isolates were in line with the description of A. elegans by Benjamin and Hesseltine [3] , as the properties including shape, size of the sporangiospores (6-8 µm), and maximum temperature for growth were compared. Under these criteria, our isolate was identified as A. elegans.
In the tree based on D1/D2 sequence analyses, the strains CNUFC-BS1-1 and CNUFC-BS1-2 were placed into the minutus clade within the M. flavus group as presented by Walther et al. [21] including: M. flavus, M. saturninus, M. aligarensis, and M. minutus (Fig. 2) , and formed a monophyletic group with M. minutus (type species). The CNUFC-BS1-1 isolate was morphologically most similar to M. minutus as described by Schipper [29] , although there were differences in the shape and size of columellae. The size of columellae described by Schipper [29] was larger (110-135 µm) than those (27.9-95.2 × 24.8-84.5 µm) observed in our isolate. According to Schipper [29] , the M. minutus species is similar in morphology and closely related to M. flavus because they produce columellae with the same size. However, sporangiospores with different sizes and shapes have been observed. M. minutus has smaller sporangiospores (4-5 µm) than M. flavus (7-12 × 4-6.5 µm). Comparing the colony morphology and culture characteristics of the isolate with previous descriptions [29] , the present isolate was similar to M. minutus, with some exceptions. Our M. minutus isolate presented one to three septa below the columella, which were not described by Schipper [29] .
Recently, several studies have focused on the increased incidence of mucormycosis in both immunocompromised and immunocompetent patients [30] . Some species belonging to the order Mucorales (subphylum Mucoromycotina) are considered opportunistic pathogens. Particularly, four families, including Cunninghamellaceae, Lichtheimiaceae, Mucoraceae, and Syncephalastraceae, have been described to be responsible for human infections [31] .
More recently, A. elegans and A. elegans var. kuwaitiensis have been reported as the agent of mucormycosis in humans in several cases [6, 7, 32] . Morphological keys are available for identifying Actinomucor. However, it is still difficult to identify taxa to intraspecific rank in Actinomucor. Thus, taxonomic revision and phylogenetic analysis are needed in future studies.
Interestingly, A. elegans has been reported as protease enzyme for generation of small peptides with ACE-inhibitory activity from razor clam Sinonovacula constricta meat [33] . So this finding suggests that the strain CNUFC-YR113-1 may be a useful source for biotechnological applications.
